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Abstract
We propose an ecliptic Deep Drilling Field that will discover some 10,000 small
and faint Kuiper Belt Objects (KBOs) — primitive rocky/icy bodies that orbit at the
outside of our Solar System and uniquely record the processes of planetary system
formation and evolution. The primary goals are to measure the KBO size and shape
distributions down to 25 km, a size that probes both the early and ongoing evolution
of this population. These goals can be met with around 10 hours total of on-sky time
(five separate fields that are observed for 2.1 hours each). Additional science will result
from downstream observations that provide colors and orbit refinement, for a total time
request of 40 hours over the ten year LSST main survey.
1 White Paper Information
1. Contact Information: David E. Trilling (david.trilling@nau.edu)
2. Science Category: which of the four main LSST science themes are addressed? Are
there other science programs addressed by this white paper?
3. Survey Type Category: Deep Drilling Field
4. Observing Strategy Category: an integrated program with science that hinges on
the combination of pointing and detailed observing strategy
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2 Scientific Motivation
The space beyond the orbit of Neptune is inhabited by planetesimals left over from our Solar
System’s formation 4.5 billion years ago. These Kuiper Belt Objects (KBOs) preserve many
clues about the evolution of our planetary system. KBOs shine in reflected light, which
makes observing small and distant KBOs very challenging. As a result, our knowledge
of the trans-Neptunian region is based predominantly on the study of only the brightest
objects (diameters diameters 100–300 km [1]). Our understanding of the smallest (and most
numerous) KBOs is generally driven by theoretical models [2], indirect evidence [3, 4, 5],
and analysis of the sparse existing data [6, 7].
Bernstein et al. [8] established the state of art in faint KBO searches by surveying 0.02 deg2
with HST’s ACS/WFC, using more than 100 orbits to discover three new objects to a limiting
magnitude of R=28.5. Critically, Bernstein used a shift-and-stack technique to detect KBOs
fainter than the noise threshold in individual images. Fuentes et al. [9, 10] placed further
constraints on the small KBO population by using archival HST data to detect objects
smaller than the break in the size distribution.
The observed break in the KBO size distribution (Figure 1) is generally attributed to colli-
sional evolution over the age of the Solar System, but may alternatively result from the early
process of planetesimal formation. If the collisional scenario is correct, objects with sizes
smaller than the break radius will have had their surface properties modified, and should
therefore display different colors than larger objects. Collisional resurfacing is thought to
expose bluer (fresher) material, suggesting that the typical color of smaller objects should
be bluer than their larger counterparts. This collisional evolution also sheds light on the
processes that govern debris disks. The outstanding question is therefore “Is there currently
collisional evolution occurring in the distant outer Solar System?” This question has broad
implications, from understanding the evolution of our Solar System to interpreting the pres-
ence of interstellar interloper ‘Oumuamua in the Solar System and unraveling the geophysics
of Pluto based on interpreting its crater record.
Unraveling these mysteries in the outer Solar System requires a large catalog of small, faint
KBOs, which in turn requires a large telescope with a large field of view. LSST will be the
premier deep KBO search facility. Many significant questions can be addressed with a small
amount of time in a dedicated Deep Drilling Field (DDF).
We propose here an ecliptic DDF program that will revolutionize our understanding of the
outer Solar System. This program consists of visits to five different fields. Each visit requires
2.1 hours of continuous observing of a single pointing, which gives a stacked imaged depth of
around r = 27.5 (5σ), which corresponds roughly to KBOs of diameter around 25 km – well
below the break in the size distribution. The expected yield is around 104 KBOs, which gives
a fractional error of around 1% on the cumulative luminosity function of very small KBOs.
The total time request is 10.5 hours for the primary science goals and 42 hours to meet a
number of additional science goals.
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With just a single 2.1 hour visit to each of the five fields the following science goals can
be met: (1) Measuring the KBO size distribution down to ∼25 km, where it is very poorly
known through an exceedingly small sample size; and (2) Measuring the shape distribution
of KBOs from (partial) lightcurves for objects brighter than 10σ.
Additional science can be provided with three additional visits — one off-opposition (nom-
inally in the same year as the initial observation), and one more in each of two other
years. These four additional visits allow clear dynamical classification of the detected objects
through having a two year arc (from first observation to fourth observation) that includes
an off-opposition measurement. Furthermore, at least one of these should be in a different
filter. Thus, both orbit refinement and color information is available. With a total of four
visits to each field, as described, the following science goals can be met: (3) Measuring the
colors of thousands of faint KBOs; and (4) Measuring colors, size distribution, and shapes
as a function of dynamical class and of size. In both cases, differences across subgroups
constrain the dynamical evolution of the early Solar System.
With this survey we will increase the number of 50 km KBOs by a factor of 40. Finally, at
the conclusion of this program our objects will have well-enough known orbits that they can
be targeted by JWST for further in-depth analysis (i.e., spectroscopy). This survey will be
more than ten times larger than the largest KBO survey to date (the OSSOS survey, which
has discovered some 800 KBOs; see [14] and many other papers).
There are a number of ancillary science goals that can be met with the proposed data set:
Measuring the size distribution and colors of Centaurs — escaped KBOs and progenitors
of comets — to a few kilometers in size; Measuring the colors of thousands of main belt
asteroids (as a function of size); Measuring the shape distributions and rotational properties
of thousands of main belt asteroids (as a function of size); Possibly discovering and mea-
suring the sizes, colors, and shapes of outer planet Trojan asteroids; Searches for objects
in unusual orbits (including retrograde orbits); Searches for activity in faint (small) KBOs,
Centaurs, and asteroids; Providing interesting targets that can be studied in detail with
JWST; Searches for distant planets (i.e., planet X) in the far outer Solar System; Searches
for supernovae or other transient events in deep image pointings. Some of these ancillary
science goal can be met with just the single first visit; others require the three additional
visits as well.
This is an ideal project to carry out with LSST. DECam does not go as deep and does not
have as wide a field of view. HSC also has a much smaller field of view, making this project
very difficult to carry out at Subaru. Details of the required sample size are given in the
technical sections below.
There are already four approved DDFs, all with primary science that is cosmology-oriented.
None of these fields is on or close to the ecliptic, so those data sets will not contain KBOs
on “primordial” (low inclination) orbits. Thus, no “existing” LSST observations meet the
science requirements of this program, although we do note that the off-ecliptic DDFs may
provide useful comparisons between the low- and high-inclination populations.
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Figure 1: Figure from [9]. Top panel shows in blue the effective area for all surveys consid-
ered in that paper as a function of R magnitude, normalized by the effective area at each
magnitude. The lower panel shows the luminosity function of KBOs, normalized by the ef-
fective area at each magnitude. Two different model fits to the data are shown in green and
red. The gray area corresponds to the 1σ confidence region given for all objects. The same
confidence regions are given for hot and cold (high and low inclination dynamical subclasses)
objects, in red and yellow, respectively.
Figure 2: Illustration of digital tracking for 2013 RF98 (r-band magnitude = 24.4; a = 325
AU). Left : Image of 2013 RF98 stacked in the sky frame consisting of 11×330-second z-band
exposures (processed by the DES difference imaging pipeline) in a DES deep supernova field.
The blue circle shows the position of 2013 RF98 in the first exposure, and the red circle shows
the position of 2013 RF98 in the last exposure. No source was detected at this position in
this image. Right : The same individual exposures as to the left, but shifted and stacked at
the speed of 2013 RF98. The object is detected with SNR∼16.
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3 Technical Description
Describe your survey strategy modifications or proposed observations. Please comment on each observing
constraint below, including the technical motivation behind any constraints. Where relevant, indicate if the
constraint applies to all requested observations or a specific subset. Please note which constraints are not
relevant or important for your science goals.
3.1 High-level description
Describe or illustrate your ideal sequence of observations.
Five footprints on the sky are to be observed. The minimum science goal requires just a
single continuous (2.1 hour) stare at each point. The nominal plan uses just a single filter in
each continuous stare. There is a marginal science gain from using the standard WFD-like
30 second exposure, but it is more efficient to use long (e.g., 600 sec) exposures; this is a
trade that can be studied in more detail. Enhanced science goals require three additional
visits to each of the five fields. The additional visits are 1–2 months later in year 1; in
year 2; and in year 3 or 4. The total time for the minimum science goal is just 10.5 hours;
for the additioanl science goals, the total time needed is around 42 hours. The five fields
have independent placements on the sky but should all be on the ecliptic. This program
should be relatively easy to schedule, given its overall flexibility of pointing, timing, etc.
3.2 Footprint – pointings, regions and/or constraints
Describe the specific pointings or general region (RA/Dec, Galactic longitude/latitude or Ecliptic longi-
tude/latitude) for the observations. Please describe any additional requirements, especially if there are no
specific constraints on the pointings (e.g. stellar density, galactic dust extinction).
The five pointing should be on the ecliptic plane (though there is a nuance involving trade-
offs for location(s) on the invariable plane instead; the difference is small). The galactic plane
should be avoided. Pointing(s) that include some parts of the Neptunian Trojan clouds —
areas near RA of 4 hours and 20 hours in 2025 — are preferred for additional science. We
note that each pointing is advanced each year by the mean motion of KBOs as seen from
Earth in order to maximize the number of objects that stay within the field.
The five different pointings allow us to sample a range of ecliptic longitudes and therefore
different positions relative to Neptune, which drives the resonances in the outer Solar System.
Ideally, one of the pointings should include a Trojan cloud of Neptune, where dynamically
stable objects orbit in a 1:1 resonance with Neptune. Since this resonance is known to be
stable over the lifetime of the Solar System, the physical properties of objects trapped in
this resonance strongly constrain models of Solar System formation.
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3.3 Image quality
Constraints on the image quality (seeing).
While all science programs benefit from the best image quality, this program does not
specifically demand that performance. The key here is depth. Since poor image quality
reduces point source depth, we propose that “typical” image quality or better (e.g., from
minion 1016) would be preferred. This likely implies somewhat low airmass. Furthermore,
image stability over the hours of staring is critical so that the shift-and-stack method has
consistent images to combine.
3.4 Individual image depth and/or sky brightness
Constraints on the sky brightness in each image and/or individual image depth for point sources. Please
differentiate between motivation for a desired sky brightness or individual image depth (as calculated for
point sources). Please provide sky brightness or image depth constraints per filter.
As described below, there is a trade study to be done here. The science can be accomplished
either with a series of 30 second (WFD-like) exposures or with a series of longer (perhaps
600 second) exposures. In the former case, by using a WFD-like cadence, other science cases
may benefit from this DDF program. However, the overhead of 2 seconds per frame adds
significant cost to the execution of this program. Furthermore, there are many more frames
to be combined through shift-and-stack, and this increases the computational need. In the
latter case (long exposures), the data is less likely to be useful for other science cases, but
the overhead is significantly less. The overall science goal is to reach r = 27.5 (5σ) and is
agnostic to the shorter/longer exposures trades described above. On balance, the shorter
(WFD-like) exposure that provide additional science (for us and for others) are preferred
scientifically, but the efficiency gains from longer exposures are recognized. This trade can
be studied in further detail.
3.5 Co-added image depth and/or total number of visits
Constraints on the total co-added depth and/or total number of visits. Please differentiate between motiva-
tions for a given co-added depth and total number of visits. Please provide desired co-added depth and/or
total number of visits per filter, if relevant.
The required total co-added image depth is r = 27.5 as motivated in the science section
above. That image depth must be obtained in each visit (2.1 hours of continuous observing).
3.6 Number of visits within a night
Constraints on the number of exposures (or visits) in a night, especially if considering sequences of visits.
As described above, each visit must be carried out as 2.1 hours of continuous imaging.
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3.7 Distribution of visits over time
Constraints on the timing of visits — within a night, between nights, between seasons or between years (which
could be relevant for rolling cadence choices in the WideFastDeep. Please describe optimum visit timing as
well as acceptable limits on visit timing, and options in case of missed visits (due to weather, etc.). If this
timing should include particular sequences of filters, please describe.
For the minimum science case, each field is visited just once, so this question is not relevant.
For the additional science cases, the second visit to each field should be 1–2 months after the
first visit; the third visit should be ∼1 year after the first visit; and the fourth visit should
be ∼2 years after the first visit.
With just a single year, the primary science goals can be met, but none of the additional
science goals described in the science justification.
Our simulations have shown that dynamical classification of KBOs is not really certain until
the orbital elements are known to better than 1%. In general, for KBOs this requires a
two year arc that includes an off-opposition astrometric measurement. This is the cadence
proposed here.
3.8 Filter choice
Please describe any filter constraints not included above.
The minimum science requirement is a single filter, presumably r, which is the most sensitive
for the typically reddish Solar System objects. The additional science goals require that
for each pointing one of the additional visits should be in a second filter, and g probably
provides the best compromise between throughput and diagnostic color [15]. The g− r color
implies intrinsic composition and correlations between color and dynamical subclass, while
still somewhat marginal, can constrain the dynamics of the early Solar System. Increasing
the number of faint KBOs with measured colors by 1000 objects (as described below) will
provide significant power on constraining these formation models.
Colors for individual objects will be derived by first measuring Hband, the Solar System
absolute magnitude of an object in a given band, which can be derived from each individual
2.1 hour visit. Thus, the g − r (for example) color is found as Hg − Hr. We note (as
described below) that high-fidelity colors of course will not be available for objects detected
at 5σ; 30σ in each band is a more reasonable requirement for color determinations. Thus,
color measurements will be available for objects brighter than around 25.5; at 30 KBOs/deg2
this gives 1440 KBOs with colors across five pointings for objects as small as 50 km. This
will be highly diagnostic for understanding the evolution of small KBOs.
3.9 Exposure constraints
Describe any constraints on the minimum or maximum exposure time per visit required (or alternatively,
saturation limits). Please comment on any constraints on the number of exposures in a visit.
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As described below, there is a trade study to be done here. The science can be accomplished
either with a series of 30 second (WFD-like) exposures or with a series of longer (perhaps
600 second) exposures. In the former case, by using a WFD-like cadence, other science cases
may benefit from this DDF program. However, the overhead of 2 seconds per frame adds
significant cost to the execution of this program. Furthermore, there are many more frames
to be combined through shift-and-stack, and this increases the computational need. In the
latter case (long exposures), the data is less likely to be useful for other science cases, but
the overhead is significantly less. The overall science goal is to reach r = 27.5 (5σ) and is
agnostic to the shorter/longer exposures trades described above.
3.10 Other constraints
Any other constraints.
This imaging is best carried out in dark conditions. Because the individual continuous stares
are not long, at just 2.1 hours each, they hopefully will not be interrupted by changes in
weather, other interrupts, or other factors. However, there is still a risk, particularly with
regard to the weather. If a continuous stare is interrupt (for example, due to weather) then
the field should be re-acquired as soon as possible so that the computational demands of
shift-and-stack across hours or even nights are minimized.
3.11 Estimated time requirement
Approximate total time requested for these observations, using the guidelines available at https:// github.com/ lsst-pst/survey_strategy_wp .
The estimated time required to meet the minimum science goal is around 10.5 hours (2.1 hours
for each of five independent fields). The estimated time required to meet the additional sci-
ence goals is around 42 hours (2.1 hours for each of four visits to each of five independent
fields).
3.12 Technical trades
To aid in attempts to combine this proposed survey modification with others, please address the following
questions:
1. What is the effect of a trade-off between your requested survey footprint (area) and requested co-added
depth or number of visits?
2. If not requesting a specific timing of visits, what is the effect of a trade-off between the uniformity of
observations and the frequency of observations in time? e.g. a ‘rolling cadence’ increases the frequency
of visits during a short time period at the cost of fewer visits the rest of the time, making the overall
sampling less uniform.
3. What is the effect of a trade-off on the exposure time and number of visits (e.g. increasing the
individual image depth but decreasing the overall number of visits)?
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Properties Importance
Image quality 2
Sky brightness 1
Individual image depth 3
Co-added image depth 1
Number of exposures in a visit 3
Number of visits (in a night) 3
Total number of visits 1
Time between visits (in a night) 1
Time between visits (between nights) 1
Long-term gaps between visits 1
Other (please add other constraints as needed) 3
Table 1: Constraint Rankings: Summary of the relative importance of various survey
strategy constraints. Please rank the importance of each of these considerations, from 1=very
important, 2=somewhat important, 3=not important. If a given constraint depends on other
parameters in the table, but these other parameters are not important in themselves, please
only mark the final constraint as important. For example, individual image depth depends
on image quality, sky brightness, and number of exposures in a visit; if your science depends
on the individual image depth but not directly on the other parameters, individual image
depth would be ‘1’ and the other parameters could be marked as ‘3’, giving us the most
flexibility when determining the composition of a visit, for example.
4. What is the effect of a trade-off between uniformity in number of visits and co-added depth? Is there
any benefit to real-time exposure time optimization to obtain nearly constant single-visit limiting depth?
5. Are there any other potential trade-offs to consider when attempting to balance this proposal with
others which may have similar but slightly different requests?
(1) For this program, area cannot be traded against depth, because the science goals require
observing faint objects. Deep (stacked) images are required for this science. (2) “Rolling
cadence”-like observations are not appropriate for this program. Each visit must be a con-
tinuous stare of 2.1 hours so that shift-and-stack can be carried out. (3) Agnostic, as long
as the total stacked image depth of r = 27.5 (5σ) is met. (4) Not relevant for this program.
The total stacked image depth is the key requirement. (5) The primary trade is in exposure
time, as described above.
4 Performance Evaluation
Please describe how to evaluate the performance of a given survey in achieving your desired science goals,
ideally as a heuristic tied directly to the observing strategy (e.g. number of visits obtained within a window
of time with a specified set of filters) with a clear link to the resulting effect on science. More complex
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metrics which more directly evaluate science output (e.g. number of eclipsing binaries successfully identified
as a result of a given survey) are also encouraged, preferably as a secondary metric. If possible, provide
threshold values for these metrics at which point your proposed science would be unsuccessful and where it
reaches an ideal goal, or explain why this is not possible to quantify. While not necessary, if you have already
transformed this into a MAF metric, please add a link to the code (or a PR to sims maf contrib) in addition
to the text description. (Limit: 2 pages).
The key science requirement (metric) is the uncertainty on the number of faint KBOs.
With a sample size of 104 objects, as described above, this uncertainty naively is something
like 1%. If the uncertainty were to approach 10% or more than the power of this science
investigation is dramatically reduced. However, an uncertainty of 2% (for example) does not
weaken the science case significantly from the nominal case. In the case of such a trade, the
increased uncertainty should be introduced by including fewer pointings (less area) and not
by shallower survey fields, which would not allow probes of the smallest KBOs.
The requirements for the enhanced science goals are twofold. In the first case, the metric is
the number of objects observed at >30σ in two different colors (to allow for color diagnostic
science with color uncertainties on the order of 0.05 mag). The number of objects should be
at least 100 in each of the major dynamical classes — implying some 1000 objects total —
so that each sub-class of KBOs is well sampled in order to detect what is expected to be a
relatively subtle signature. In the second case, the metric is the orbit quality (which leads
to dynamical classification). Arc length is an acceptable proxy for orbit quality. Here the
requirement is around three years, and includes at least one non-opposition measurement
(for additional orbit-fitting power).
Thus, the metrics should be the following:
[1] Fracitonal uncertainty (as root(N)) on the number of faint (r = 27.5) KBOs. 1% is the
science goal, and <10% is acceptable.
[2] Number of objects observed at >30σ in both bands; at least 100 objects in each dynam-
ical subclass, or ∼1000 objects total.
[3] Arc length for observed objects. Two years is the goal. One year arcs carry significantly
less diagnostic power.
It would be appropriate to use Lynne Jones’ KBO population in opsim, for example, to test
the impact of various cadences on the science output described here.
5 Special Data Processing
Describe any data processing requirements beyond the standard LSST Data Management pipelines and how
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these will be achieved.
KBOs at 40 AU move at around 3”/hour. To detect ultra-faint KBOs, ideally one would
track not at the sidereal rate but at a rate that keeps the target object stationary. However,
there are many such objects in an LSST field, and their rates and directions of motion vary,
are not known a priori. The only successful observing technique is to use exposures shorter
than 10 minutes so that trailing is negligible.
The solution is to take a sequence of shorter exposures, and perform an offline “shift-and-
stack” procedure in a grid of position angle and velocity, a method first applied to KBO
searches by Bernstein [8]. The standard LSST imaging processing pipeline will produce
reduced data for individual frames. This standard procedure is then followed by “shift-and-
stack” or “digitally tracking” analysis. In these “digitally tracked” images, KBOs tracked at
the correct rate will appear as point sources (sidereal sources are masked before stacking).
The success of this technique is shown in Figure 2: using 11 × 330s z-band sequences of
the DECam/Dark Energy Survey X3 deep supernova search field a 16σ detection of the
24.4-mag extreme KBO 2013 RF98 (a = 350 AU) was recovered. Each of the 2.1 hour visits
will consist of a series of exposures (30 or 600 seconds, with this decision to be studied as a
trade, as described above). For an exposure sequence of this duration, it is sufficient to stack
in a grid of position angle and velocity; higher-order contributions from track curvature are
negligible.
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